Background: Celastrol (CEL), a triterpene extracted from the Chinese herb tripterygium wilfordii, has been reported to have profound anticancer activities. However, poor water solubility and high side toxicities have severely restricted the clinical applications of CEL. Purpose: We proposed a facile "in situ drug conjugation-induced self-assembly" strategy to prepare CEL-loaded nanoparticles (CEL-NPs) that exhibited enhanced antitumor activity against melanoma. Methods: First, the CEL was chemically conjugated onto a methoxyl poly(ethylene glycol)-b-poly(L-lysine) (mPEG-PLL) backbone, resulting in the conversion of the double hydrophilic mPEG-PLL polymer into an amphiphilic polymer prodrug, mPEG-PLL/CEL. The obtained mPEG-PLL/CEL could self-assemble into stable micelles in aqueous solution due to the hydrophobic association of CEL moieties in the side chains and the possible electrostatic interaction between the carboxyl group in CEL and the residue amine group in the PLL segment. Thus, the obtained mPEG-PLL/CEL nanoparticles were named CEL self-stabilized nanoparticles (CEL-NPs), which were then characterized by dynamic light scattering and transmission electron microscopy. Furthermore, the antitumor effects of the CEL-NPs were investigated by an MTT assay in vitro and in a B16F10 tumor-bearing mice model. Results: The CEL-NPs exhibited sustained drug release behavior and were effectively endocytosed by B16F10 cells. Furthermore, the in vivo antitumor evaluation demonstrated that the CEL-NPs had remarkably higher tumor growth inhibition rates and lower systemic side effects than free CEL. Conclusion: In summary, our present work not only demonstrates the generation of stable CEL-loaded nanoparticles for the efficient treatment of melanoma but also describes a general way to prepare drug self-stabilized nanomedicine for anticancer therapy.
Introduction
Chemotherapy is one of the leading treatments for cancer therapy. However, many drugs for chemotherapy possess poor water-solubility, rapid blood clearance, and lack targeting ability, resulting in unsatisfactory therapeutic outcomes. These drugs are also associated with the development of drug-resistance and serious side toxicities. [1] [2] [3] [4] Thus, innovative and effective cancer treatments are in great demand.
Over the past four decades, the application of nanotechnology to cancer treatments has attracted increasing attention. The incorporation of a chemotherapeutic drug into nanocarriers to form nanomedicines has some well-known advantages, such as improved drug dispersion, prolonged blood circulation, and increased accumulation at the tumor site due to the enhanced permeability and retention (EPR) effect.
Based on these improvements, nanomedicines are expected to have better antitumor effects and reduced side toxicities compared to traditional small-molecule chemotherapeutic drugs. 5, [10] [11] [12] Melanoma is the most lethal skin tumor. It has few durable therapies and a low survival rate. 13 The treatment for melanoma consists of local therapy and systemic therapy, such as surgery, radiotherapy, chemotherapy, immunotherapy, and tumor-targeted gene therapy. [14] [15] [16] In systemic therapy, conventional chemotherapy for melanoma has shown very low levels of efficacy and a high incidence of recurrence. 17 Recently, the identification of new bioactive molecules from Chinese traditional herbs has gained great momentum. Increasingly, the ingredients derived from natural plants have been shown to exert therapeutic effects on various diseases, including inflammation and cancer. [18] [19] [20] [21] Celastrol (CEL) is a triterpene molecule isolated from the Chinese herb tripterygium wilfordii that has been shown to inhibit tumor growth in various tumor models, such as prostate cancer, 22 osteosarcoma, 23 hepatocellular carcinoma, 24 pancreatic cancer, 25 breast cancer 26 and melanoma. 27 CEL can effectively inhibit tumor cell proliferation and induce apoptotic cell death through the inhibition of proteasomes and/or NF-κB activity. [28] [29] [30] [31] Nevertheless, the poor water solubility of CEL usually leads to low bioavailability and thus, larger doses of CEL have to be administrated to improve the therapeutic effects. 32 As a result, side effects, such as hepatotoxicity and nephrotoxicity have occurred at the increased dosages. [33] [34] [35] Therefore, the development of new drug delivery technologies to overcome the serious adverse effects and improve the therapeutic outcomes is critical for the clinical application of CEL. [36] [37] [38] [39] [40] To this end, we herein report the preparation of a novel type of CEL self-stabilized nanoparticles (CEL-NPs) for the effective treatment of melanoma. The CEL-NPs consisting of CEL and methoxyl poly (ethylene glycol)-b-poly (L-lysine) (mPEG-PLL) polymer were prepared by a facile "in situ chemical conjugation-induced self-assembly" strategy. The mPEG segment can form a hydrophilic shielding layer on the surface of the nanoparticles to ensure the stability of the CEL-NPs during blood circulation. Meanwhile, the PLL segment was used to conjugate with CEL through imine bonds and also to generate electrostatic interaction with CEL, leading to the formation of a CEL self-cross-linked core in the CEL-NPs. The resulting CEL-NPs were well-dispersed in water and exhibited sustained release behavior. The antitumor efficacy against B16F10 melanoma cells was systematically investigated both in vitro and in vivo.
Materials and Methods Materials
Methoxyl poly(ethylene glycol)-b-poly(L-lysine) (mPEG-PLL) was synthesized and characterized in our previous report. 36 The was performed using a binary HPLC pump with a C18 column (250 mm × 4.6 mm; made in Ireland).
Preparation and Characterization of Celastrol-Loaded mPEG-PLL Nanoparticles (CEL-NPs)
CEL-NPs were prepared by the following approach. mPEG-PLL (50 mg) and CEL (10 mg) were dissolved in 5 mL of DMSO, then 20 mL of phosphate-buffered saline (PBS, pH 7.4) was added dropwise to the solution under stirring in the dark. The mixture was stirred at room temperature for 2 h in the dark, followed by dialysis (MWCO 3500 Da) against deionized water for 12 h to remove the free CEL and DMSO. The CEL-NPs were obtained as a yellow solid after lyophilization. The drugloading content (DLC) and drug loading-efficiency (DLE) of CEL were detected by UV-Vis spectrophotometry and calculated by the following formulas:
Stability of the CEL-NPs
The stability of the CEL-NPs was monitored by DLS in pH 7.4 PBS solution containing 10% fetal bovine serum. The particle sizes were measured at predetermined times.
In vitro Release of CEL
The CEL release behavior of the CEL-NPs was studied in a pH 7.4 phosphate-buffered (PB) solution. Briefly, CEL-NPs were suspended in 3.0 mL of the PB solution and transferred into a dialysis bag (MWCO 3500 Da). Then, the dialysis bag was placed in the PB solution (50 mL) and shaken at 60 rpm in the dark. At preselected times, 2.0 mL of media into which CEL was released was removed and 2.0 mL of fresh, original solution was added to each sample. The concentration of the released CEL was determined by high-performance liquid chromatography (HPLC) measurements. The mobile phase consisted of a mixture of 0.2% (v/v) phosphoric acid in methanol and water (9:1, v/v) was set to a flow rate of 1 mL min
. The detection wavelength was 425 nm and the injection volume was 20 μL.
Cellular Uptake
The cellular uptake and intracellular drug distribution behavior of the CEL-NPs in B16F10 cells were detected by FCA and CLSM. Cy5-labeled CEL-NPs (CEL-NPs-Cy5) were used for the FCA and CLSM measurements.
For the FCA measurements, B16F10 cells were seeded into 6-well plates at a density of 2.0 ×10 5 cells per well in 1.8 mL of prepared DMEM media and incubated for 24 h. After culturing, the cells were treated with CEL-NPsCy-5 at a final concentration of 27 μg mL −1 and cultured for another 2 or 6 h. Cells without drug treatment were used as the control group. The medium was removed and the cells were washed with PBS. Then, the cells were harvested in 0.5 mL of PBS and analyzed by FCA. For the CLSM observations, B16F10 cells were cultivated in 6-well glass-bottom culture dishes at a seeding density of 1.0 ×10 5 cells per well in 1.8 mL of prepared DMEM media and cultured for 24 h. Then, CEL-NPs-Cy-5 was added to the wells and the cells were cultured for another 2 or 6 h. The cells were washed five times with PBS and fixed in buffered formaldehyde (1.0 mL, 4% (w/v)) for 20 min. Subsequently, the cells were washed five times again with PBS to remove the fixative, followed by staining the cell nuclei with 4ʹ,6-diamidino-2-phenylindole (DAPI) for 4 min (blue). The cells were harvested after being washed five times with PBS to remove the free dye material and then were examined by CLSM.
Cytotoxicity Assays
The cell viability after CEL or CEL-NPs treatment was evaluated by the MTTassay. B16F10 cells were seeded in a 96-well plate at a density of 4000 cells per well in 0.18 mL of prepared DMEM media and cultured for 24 h. Subsequently, the cells were treated with the indicated concentrations of drugs for 48 h. Then, 20 μL of MTT solution (5.0 mg mL
) was added to each well. The medium was replaced by DMSO (150 μL per well) 4 hrs later. After shaking for 5 min, 96-well plates were read using a microplate reader (Bio-Rad 680 microplate reader) (490 nm) to obtain the absorbance values.
Ex vivo Fluorescence Imaging
To analyze the in vivo distribution of the CEL-NPs in the B16F10 tumor-bearing mice, an ex vivo fluorescence imaging (Maestro Imaging System) experiment was carried as follows. First, CEL-NPs-Cy5 was injected into B16F10 tumor-bearing mice through the tail vein. After 3 and 10 h, the mice were sacrificed and the tumor and major organs (heart, liver, spleen, lung, and kidney) were harvested for fluorescence imaging. ), and CEL-NPs (containing 2 or 4 mg kg −1 CEL).
In vivo Antitumor Efficiency
The free CEL was dissolved in a medium mixture (1% DMSO, 7% Cremophor/ethanol (3:1) and 92% PBS) and was injected intraperitoneally every two days at doses of 2 and 4 mg kg . PBS and CEL-NPs in PBS were injected via the tail vein every two days. The tumor sizes and body weights were measured every other day and the tumor volume was calculated using the formula, V= length×width 2 /2. The tumor inhibition rate (%) = (V control -V sample )/V control ×100%, where the V control and V sample represented the tumor volumes in the control and sample groups on day 12, respectively.
Histological Analyses
For histological analysis, the tumors and the major organs (heart, lung, liver, spleen, and kidney) were excised and fixed in buffered formaldehyde (4%, w/v) for one day at 4°C. Then, all of the above tissues were embedded in paraffin and sliced for hematoxylin and eosin (H&E) staining.
Statistical Analysis
The data are shown as mean ± standard deviation (SD). Comparisons among the groups were performed by Student's t-tests. Levels of *p < 0.05, **p < 0.01, and ***p < 0.001 were considered statistically significant.
Results and Discussion Preparation and Characterization of CEL-NPs
In this work, we proposed a facile method for the preparation of CEL-loaded nanoparticles via an "in situ chemical conjugation-induced self-assembly" strategy (Scheme 1). First, CEL was conjugated onto an mPEG-PLL backbone through the in situ formation of an imine bond between CEL and an amino group in the PLL segment, which resulted in the conversion of the double hydrophilic polymer mPEG-PLL into an amphiphilic polymeric prodrug, mPEG-PLL/CEL. The resultant mPEG-PLL/CEL could self-assemble into nanoparticles with mPEG as the shell and a CEL-conjugated PLL backbone as the core. At the same time, the carboxyl group in CEL also created a weak electrostatic interaction with the residual amino groups in the PLL segment (Scheme 1). Therefore, the CEL-NPs formed by the chemical conjugation-induced selfassembly and electrostatic interaction were called CEL self-stabilized nanoparticles. The formation of the CEL-NPs was first verified by DLS and TEM characterization ( Figure 1A ). The hydrodynamic radius (R h ) of the CEL-NPs was 65 ± 6.4 nm according to the DLS measurement and the TEM image showed that the CEL-NPs were spherical structures about 103.1 ± 10.7 nm in size. In addition, CEL-NPs at a concentration of 1.6 mg mL −1 were readily dispersed in water and formed a clear yellow solution, whereas the free CEL was not soluble in water ( Figure 1B) , which again suggested the successful incorporation of CEL by mPEG-PLL to form stable CEL-NPs. Additionally, the scattered light beam could be clearly seen when the laser was passing through the CEL-NPs solution and the light intensity increased with increasing concentrations of CEL-NPs (Fig. S1 ), further confirming the prepared CEL-NPs as colloidal nanoparticles. The formation of the CEL-NPs was also characterized by 1 H NMR spectroscopy. As shown in Fig. S2 , only the proton peak corresponding to -CH 2 -in mPEG and diminished proton peaks corresponding to the PLL segments were observed in the 1 H NMR spectrum of the CEL-NPs in D 2 O, suggesting that the CEL-NPs had core-shell structures in aqueous media. 36, 41 The incorporation of CEL into the CEL-NPs was further confirmed by UV-Vis spectrometry (Fig. S3) , which revealed that the DLC and DLE of the CEL in the CEL-NPs were 9.95 wt% and 53.9%, respectively. To evaluate the stability of the CEL-NPs in complex physiological media, we monitored the particle size changes of the CEL-NPs by DLS at predetermined times. There was no obvious change in the CEL-NP particle sizes up to 24 h (Fig S4) , indicating the high stability of the CEL-NPs under physiological conditions. Then, the in vitro drug release behavior of the CEL-NPs was investigated at pH 7.4. The results are shown in Figure 2 . The release of CEL from the CEL-NPs showed a sustained release pattern and about 60% of the CEL was released after 48 h. The drug release behavior of the CEL-NPs was also tested at acidic pHs, such as 6.8 and 5.3. Surprisingly, the release of CEL was slower at acidic pHs than that at pH 7.4 (data not shown), which might be attributed to the decreased solubility of CEL at acidic pHs.
Cellular Uptake of the CEL-NPs
The cellular uptake of the CEL-NPs was tested by FCA and CLSM. Cy5-labeled CEL-NPs, denoted CEL-NPs-Cy5, were used for these experiments. As shown in (Figure 3 and Fig. S5 ), the cells treated with CEL-NPs-Cy5 for 6 hrs showed a higher fluorescence intensity than the cells treated with the same drug for 2 hrs, indicating that the CEL-NPs could be internalized by the B16F10 cells. This result was further confirmed by CLSM observations as illustrated in Figure 4 . The nucleus was stained blue by DAPI and the Cy5 fluorescence was red. The red fluorescence could be observed in the cancer cells after incubation for 2 h and became more notable as the incubation time was extended to 6 h (Figure 4 and Fig. S6 ). These results further confirmed the successful internalization of CEL-NPs into B16F10 cells, consistent with the FCA results.
In vitro Cytotoxicity Assays
Cell viability after the treatment of B16F10 cells with CEL, mPEG-PLL, and CEL-NPs were determined by the MTT assay. After incubation for 48 h, the cytotoxicity of the CEL-NPs was close to that of free CEL ( Figure 5A ), indicating that the CEL-loaded nanoparticles displayed good antitumor ability. The IC 50 values for free CEL and CEL-NPs were 3.56 μM (1.60 μg mL
) and 2.81 μM (1.26 μg mL −1 ), respectively. In addition, it should be noted that the mPEG-PLL polymer showed negligible toxicities at all the tested concentrations ( Figure 5B ). The tested polymer concentrations were consistent with the corresponding concentrations of mPEG-PLL in the CELNPs. Taken together, these results demonstrate that the asprepared CEL-NPs represent a promising nanomedicine for the effective treatment of melanoma cancer. 
Ex vivo Fluorescence Imaging
To assess the in vivo distribution of CEL-NPs-Cy5, major organs and the tumors of B16F10 tumor-bearing mice were excised at 3 h and 10 h post-injection for ex vivo fluorescence imaging. As shown in Figure 6 , a strong fluorescence signal was observed in the tumor site and the fluorescence intensity in the tumor site was almost unchanged from 3 h to 10 h. This data suggests that the CEL-NPs-Cy5 effectively accumulated in the tumor tissue through enhanced permeability and the retention (EPR) effect, which is critical for improving the therapeutic efficacy of the CEL-NPs.
In vivo Anticancer Efficacy
Given the excellent anti-cancer activity of the CEL-NPs on B16F10 cells in vitro, the in vivo tumor inhibitory effect of the CEL-NPs was then evaluated by using the B16F10 mouse melanoma model. The tumor-bearing mice were randomly divided into six groups, which were separately treated with PBS, mPEG-PLL, free CEL (2 or 4 mg kg
), and CEL-NPs (containing 2 or 4 mg kg −1 CEL) every two days. As shown in Figure 7A -C, the tumor growth was suppressed in the groups treated with CEL-containing formulations compared to the control PBS-treated group. In the 2 and 4 mg kg −1 CEL-NPstreated groups, the tumor sizes were significantly smaller than in the free CEL-treated group. Furthermore, the average tumor sizes in the groups treated with higher concentrations of CEL (or CEL-NPs) were smaller than those in mice treated with lower concentrations of CEL (or CEL-NPs), indicating that the treatment effect was closely associated with the drug concentration. The weight changes in the mice during the treatment course were also monitored to evaluate the systematic toxicities of the drug formulations. As shown in Figure 7D , the body weights in the CEL-NPs-treated groups were slightly lower than those in the PBS and mPEG-PLL-treated groups, indicating that the CEL-NPs had little systemic toxicities. In contrast, obvious weight losses occurred in the groups treated with free CEL compared to the CEL-NPs groups (p < 0.05), indicating that the free CEL had high side toxicities. The improved antitumor efficacy and reduced systemic toxicity of the CEL-NPs may be ascribed to the formation of a nanomedicine that may have prolonged blood circulation and the EPR effect to improve drug accumulation at the tumor site.
Histological Analyses
The in vivo antitumor efficacy was further investigated by histological analysis. As shown in Figure 7E , significant tumor necrosis was observed in the groups treated with the CEL-containing formulations and the largest necrotic area appeared in the CEL-NPs-treated group, demonstrating that the CEL-NPs was more effective in inhibiting tumor growth than the other treatments. Then, the systemic toxicities for the tested formulations were evaluated by H&E staining of the main organs. As shown in Figure 8 , the group treated with free CEL exhibited varying degrees of degeneration and edema in the liver and shrinkage or disappearance of the renal capsule cavity in the kidney. In contrast, no ultrastructural changes were observed in the organs of the control and CEL-NPstreated groups. Taken together, these results and those shown in Figure 7A -D indicate that the CEL-NPs have great potential for the treatment of melanoma with reduced systemic toxicity. 
Conclusions
In summary, we successfully prepared a novel type of CEL self-stabilized nanoparticles, CEL-NPs, through a facile "in situ drug conjugation-induced self-assembly" strategy.
The CEL-NPs formed by the chemical conjugation of CEL onto mPEG-PLL induced self-assembly and possible electrostatic interactions between mPEG-PLL and CEL. The resultant CEL-NPs were spherically shaped and welldispersed in water medium. Moreover, the CEL-NPs were effectively internalized into cancer cells and thus, displayed excellent antitumor activity against mouse melanoma cells (B16F10 cells). Also, the CEL-NPs showed enhanced antitumor efficacy and reduced side toxicities in B16F10 tumor-bearing mice compared to free CEL. In general, our present work has provided a new CEL-based nanomedicine for the effective treatment of melanoma, as well as a general route for preparing drug self-stabilized nanomedicines for anticancer therapy.
